Introduction
Recycling of electrical and electronic equipment waste (WEEE) is a challenge for companies dealing with waste disposal. The issue of recycling of these wastes ( Fig.1 ) results from their high complexity of the material − on average 50 wt% iron and steel, 25 wt% plastic, 10 wt% nonferrous metals and 15 wt% of impurities (e.g. glass, rubber, cast iron, concrete, ceramics). The presence of toxic substances such as lead, mercury, cadmium, zinc and precious metals (gold, platinum) among non-ferrous metals, classify WEEE as hazardous waste. The elements present in the electronic equipment, which are the most toxic waste are Printed Circuit Board (PCB) [1] [2] [3] . The current problems concerning the disposal of WEEE is centered around the recycling opportunities of PCBs. This is related to the common presence of PCBs in electrical devices causing their increased frequency failure, and increased repair costs. The above mentioned problem combined with a decrease in prices of new components cause a decrease in the profitability of repairing broken machines and use of their components for the repair of damaged equipment (in the case when repaired element is not available on the market) [4] .
In the recent years the amount of WEEE increases annually. Due to the enormous material complexity e-waste disposal is carried out in two processes − the physicomechanical and chemical) [1, 5] . The physicochemical processes are based on the use of manpower combined with the use of electromagnetic phenomena and processes of gravity (air separation, flotation). The usage of this type of solution allows to separate from the waste stream its particular components broken divided into plastics, metals, non-metals and impurities that are transmitted for subsequent disposal [6] [7] [8] . Much more effective technologies in the WEEE disposal are the chemical processes. The main methods of chemical processing of ewaste include pyrolysis, the thermal distribution in the plasma stream, hydrometallurgical techniques. The use of complex processes is to recover the valuable components from WEEE (e.g. gold, palladium, platinum, copper) that can be re-used for the production of electrical and electronic equipment [9] [10] [11] [12] .
The article presents the basic principles of the semiautomatic, physico-mechanical line for WEEE processing and the possibilities of its automation. Launching the advanced solutions on the market in terms of waste disposal is a key factor of any waste disposal management system in the world, increasing its efficiency and purity of obtained raw materials.
Material and methods
For the analysis was used classical, semi-automatic line for the recycling of waste electrical and electronic equipment. Line diagram is shown in Fig. 2 . The analyzed line is operated by 10 employees and is a common example of the WEEE disposal in Poland. Electrical and electronic equipment, which is subject to recovery includes small electrical home appliances − kettles, irons, vacuum cleaners, hair dryers, radio receivers etc. Due to the irregularity of the supplies of the above mentioned broken equipment to the Factory, the installation processes also elements of large household appliances (components of refrigerators, washing machines, microwaves), electrical wiring and other electrical devices that do not include sophisticated equipment for disassembly.
In the first stage of analysis the efficient operation of the line shown in Fig. 2 was determined, which is expressed through its hourly productivity and the level of purity of obtained raw materials (plastic materials divided into polypropylene, polyethylene, acrylonitrile-butadiene-styrene copolymer, and ferrous and non-ferrous metals) expressed in % of the mass of waste input. In the second stage of the study there was performed the review and the analysis of the available technical solution that allow for more efficient processing of WEEE, using the method of AHP. The criteria taken into account in the analysis were related to the availability of devices on the market, the cost of their maintenance and service, efficiency and purity of the obtained products. In the last stage of the analysis there was conducted comparison of semi-automatic and fully automated line productivity, and the purity of the obtained products of WEEE disposal (at the example of mixture of kettles, dryers and vacuum cleaners) using algorithms of product life cycle (LCA) in SimaPro 8 program (Fig. 3, 4) . Fig. 2 . Scheme of a semi-automatic line for the WEEE recycling (own elaboration). Fig. 3 . Components of a sustainable management model of electrical and electronic waste [13] After LCA and AHP analysis, the Return on Investment (ROI) indicator has been defined. ROI measures the gain or loss generated on an investment relative to the amount of money invested. ROI is usually expressed as a percentage and is typically used for personal financial decisions, to compare a company's profitability or to compare the efficiency of different investments.
Results
Performance analysis of semi-automatic line for the recycling of WEEE has demonstrated its capacity for disposal of 12 kg/h (Fig. 2) . The purity of obtained raw material was 99 wt% for ferrous and 83 wt% for non-ferrous metals. Separation of plastic materials was only possible for two groups of plastic − acrylonitrile-butadiene-styrene, and the sum of polypropylene and polyethylene. The purity of generated groups amounted to 54 wt% and 61 wt%.
The problem with the distribution of plastic materials resulted mainly from their manual dismantling, during which employees are guided only by factory markings on the particular elements of devices. The diversity of the separation of plastics is also influenced by the introduction of process elements diverted from large appliances that do not contain information on the composition of raw materials and are misclassified by employees. Low efficiency of the separation of non-ferrous metals results from the impossibility of their barking in the process of dismantling. Accordingly, during eddy current separation of metals wire covers which are made of plastic materials, get to the product, reducing the purity and quality of the obtained material.
The performed preliminary analysis imply, that the weakest element of the line operation is firstly division of plastic materials, and then separation of non-ferrous metals. The AHP analysis is focused on the selection of appropriate milling equipment used to prepare the raw materials, and separators of plastic materials. The analysis of the availability of equipment for the separation of non-ferrous metals failed to demonstrate reasonable changes in the process (Fig. 5) .
On the basis of the machines and devices review Fig. 5 shows a diagram of an automated line for WEEE recycling.
For the line automation shown in Fig. 5 was used an embankment mill with an automatic drawer press, which was used for waste pre-shredding to particles with a diameter of 10 mm. The particulate material is directed to a multi-stage triboelectric electrostatic separator in which the separation of plastic materials fraction (divided into polyethylene, polypropylene, acrylonitrile-butadiene-styrene copolymer), rubber and glass occurs. The residue after separation is directed to the separation of ferrous metals, and then to the electromagnetic mill in which the fragmentation of electric wires takes place, comprising nonferrous metals, up to 0.1 mm. The mixture leaving the mill gets into electromagnetic separator, to recover the grinding bodies, coupled with the eddy currant separator. After completion of the separation process, dust forming ballast remains, which does not present a commercial value.
In order to compare the efficiency there was performed a simplified life cycle analysis of the product using the SimaPro 8 program for electric kettles, dryers and vacuum cleaners. Simplification of the analysis consisted in performing calculations related to the process of device recycling in installations shown in Fig. 2 and 5 . The LCA analysis of semi-automatic line for the WEEE recycling confirmed its operating parameters presented in this article. Modifying the line with additional equipment and implementation of control system based on multipoint weight automation of each element of the process made it possible to achieve significantly better performance of WEEE recycling. In comparison to the baseline, the automatic line is able to process 1Mg/h of waste while maintaining the same number of employees. The increase in productivity is caused by the replacement of manual disassembly and separation by people. Comparing the purity of the obtaining products of plastic materials separation, the line has a possibility of automatic release of 5 streams of products with a purity of min. 98 wt%, while at the same time reducing the process waste to 1 wt% introduced WEEE. A similar situation exists in the case of separation of non-ferrous metals, which in fragmentation of 0.1 mm have a high commercial value due to granulation facilitating further fractionation process. Considering the cost effectiveness of semi-automatic line modernization in LCA and ROI algorithm there was achieved return on investment after 3-5 years, depending on market prices of obtained raw materials, what is confirmed also in works of Hurka and Malinowski [14] , Grzesik-Wojtysiak and Kuklinski [15] and Debnatha et al. [16] . This time can be shortened if we consider the entire stream of WEEE reaching the installation because the life cycle analysis focuses only on the 3 most popular devices.
Summary
In the last decade, electronic devices have become very common. Every year there are plenty of electrical devices sold in the world and at the same time there is recorded an increase in the production of WEEE. The issue presented in the publication concerns an important aspect, which is the recycling of WEEE taking place on simple, semi-automatic disassembly lines. Due to the large diversity of WEEE stream, the article concentrates on the most popular devices − electric kettles, dryers and vacuum cleaners.
Comparing the results obtained for the baseline (with manual dismantling pieces of devices) to the automated line, 83-times increase in productivity was observed. Similar results were obtained when analyzing the purity of the obtaining products of WEEE recycling, which was related to the market prices in Poland. Economic analysis of the issue of line automation for the WEEE recycling shows that it is profitable and cost-effective modernization, which may reimburse investment costs even in the third year of its operation.
